Ever increasing power demand coupled with CO 2 emission from coal-based power plants is a critical challenge for worldwide energy sector. This is even more critical for a country like India where a large coal reserve exists and about 60% of the total power produced is from coal. Meeting energy demand and simultaneously satisfying CO 2 emissions target, India has to develop power from coal using more advanced technology than existing subcritical pulverized coal fired one. IGCC with CO 2 capture emerges as a prospective option for using coal with reduced CO 2 emissions. In collaboration under Indo-Norwegian cooperation program, an assessment of expected performance of a possible IGCC configuration with typical Indian coals is explored. In this paper, results of preliminary investigation through simulation for a baseline configuration of IGCC with CO 2 capture are presented. A comparison between expected performances for three typical coals is reported to show the effect of coal quality on IGCC performance in an Indian context.
Introduction
Presently, coal is the main primary energy source for electricity generation [1] . The total electricity generated globally was 23322 TWh in year 2013 out of which 41.3% was produced from coal [2] . A similar trend is also observed in India, as coal is the largest primary source of electricity generation. In India, the total installed capacity of electricity generation is 285 GWe and coal-based thermal power is 168 GWe as on 31.03.2014 [3] . This trend will continue in near future, as the estimated coal reserve in India is 301 Gt [3] . Hence, replacement of coal is not possible in near future though it contributes to maximum greenhouse gas (GHG) emissions. During the transition period from fossils to renewables, utilization of coal in a more sustainable way is a promising option.
As mentioned above, a critical aspect of power generation from coal is high greenhouse gas emissions and India is the fourth largest GHG emitter in the world (6% of the total GHG emissions in year 2011) after China, United States and the EU [4] . Net greenhouse gas emissions from India are 1727 Mt and the electricity sector contributes maximum (37.8%) of this GHG emissions in 2007 [5] . After the Kyoto Protocol and the 21st Conference of Parties (COP21) in Paris, almost all countries agreed to reduce the GHG emissions to achieve the goal of limiting global average temperature increase within 2 K compared to the pre-industrial age [6] . India is also adopting policies to reduce its GHG emission by 33-35% by 2030 using various measures including cleaner energy production and creating additional carbon sink [7] .
For cleaner energy production, knowledge transfer from developed countries plays an important role. Hence, India has started to work in collaboration with these countries in the context of clean energy to decarbonize its energy sector. The Indo-Norwegian Cooperation Programme in Higher Education and Research (INCP) is an example of such collaborative initiatives. The "Road map for decarbonization of Indian energy system: exploring innovative solutions" project is a collaboration under the INCP initiative receiving financial supports from the Research Council of Norway (RCN) and University Grants Commission (UGC) in India. Amongst different topics for research on energy systems, one of the topics identified for further collaboration is the need for base-load power generation in India and use of coal in a more environment-friendly way. In this regard, integrated gasification combined cycle (IGCC) power plants has been selected for which feasibility studies using various Indian coal types are being performed. Working on this topic and evaluation of the feasibility of this concept in India is also perceived as a sort of continuation of previously co-funded EU H2-IGCC project (2009-2014) [8] and using existing knowledge and transferring it to India.
In this paper, the aim is to evaluate the effects of variation of typical Indian coal quality on the overall performance of the baseline IGCC plant with CO 2 capture. For this purpose, the quality of produced syngas using different coals are compared in terms of composition and heating value. In addition, the effects of coal quality variation on the overall efficiency and specific emissions of the plant are evaluated. 
Nomenclature

IGCC plant's configuration
The primary objective of this work is to explore the opportunity to use IGGC power plants with CO 2 capture in India as a cleaner coal technology compared to the existing power production technology from coal, i.e. pulverized coal power plants (mainly sub-critical units). For this purpose, a configuration of the plant optimized through implementation of the European Union co-funded H2-IGCC project (2009) (2010) (2011) (2012) (2013) (2014) [8] has been used as the baseline configuration of the plant for this study.
The impact of variation of coal quality on the performance of the selected plant configuration with CO 2 capture has been investigated. For this purpose, three coals with different characteristics as listed in Table 1 are considered in this study. These coal types represent typical qualities that are used in Indian coal-fired power plants. The block flow diagram (BFD) of the IGCC configuration with CO 2 capture unit is shown in Fig.1 . A brief outline of the plant is presented here. However, readers can refer to [9] for additional description of the baseline configuration. Except sulfur recovery unit that is not covered by this study, the plant consists of seven major subsystems including:
Air separation unit (ASU); gasification block including coal milling and drying (CMD), gasification, syngas cooling and scrubbing; sour water-gas shift (SWGS) reaction unit; acid gas removal (AGR) unit and CO 2 capture unit; (1) Air separation unit: the cryogenic ASU is considered for providing oxygen to the gasification block, as this technology is currently the only proper alternative for large-scale O 2 production available in the market. This unit is considered as a stand-alone unit generating gaseous oxygen (GOX) with 95% purity from air supplied by an intercooled main air compressor (MAC). Note that the overall plant efficiency could be improved with higher degree of integration between the MAC and the GT compressor due to higher isentropic efficiency of the GT compressor compared to the MAC [10] . However, the stand-alone unit was selected mainly due to adverse process control effects of integrated GT-ASU leading to reduced availability of the entire plant. Lower efficiency of the nonintegrated case somehow could be mitigated by selecting the intercooled MAC. Apart from GOX, the ASU also produces two nitrogen streams viz. pure gaseous nitrogen (PGAN) mainly used to convey gasifier dense phase coals dust and diluent gaseous nitrogen (DGAN) that is less pure nitrogen (impurities approximately 1 mol%).
Please also note that typically in IGCC plants either syngas dilution with DGAN/steam or syngas saturation with water (or a combination of both) is considered to control NOx emissions from diffusion flame burners. However, syngas dilution is not required here due to pre-mixed combustion of the undiluted H 2 -rich syngas. Accordingly, as there is no need for injection of DGAN into the GT combustion chamber, heat integration between the GT compressor bleed air and diluent nitrogen from the ASU is not possible and there by the overall plant efficiency cannot be enhanced.
(2) Gasification block: gasification of coal takes place in a slagging entrained-flow, oxygen-blown, dry-fed gasifier based on Shell coal gasification process (SCGP). This technology is selected due to its high cold gas efficiency, desired operating pressure level and higher calorific value of the raw syngas produced. Moreover, SCGP shows a relatively constant behavior for a wide range of coal quality meaning that the quality of produced syngas even when low-rank coal is gasified is higher compared to syngas produced by slurry-fed slagging entrained flow gasifiers [11] .
A key parameter governing the overall plant pressure is the operating pressure at the inlet of the fuel gas valve of the GT combustor. This pressure is set to be about 30 bar to avoid gas turbine humming. A calculated 15 bar total design pressure loss upstream to the gas turbine leads to a gasifier design working pressure of 45 bar in this study. The selection of the SCGP technology is also justified by availability of a validated gasification model. The readers are referred to [11] to access validation data for gasification simulation. Different technical assumptions (input data) for modeling and simulation of the gasification block are listed in Table 2 . (3) Sour water-gas shift reaction unit: the SWGS process converts carbon monoxide (CO) in the raw syngas to CO 2 by shifting CO with water in the presence of H 2 S over a catalytic bed according to the following reaction: ( 1 ) (4) Acid gas removal unit and CO 2 capture unit: for H 2 S removal and CO 2 capture, a double-stage SELEXOL TM system (using dimethyl ether of polyethylene glycol or DEPG solvent) is considered. Due to high partial pressures of acid gases and better H 2 S/CO 2 absorption selectivity, physical absorption of H 2 S and CO 2 is preferred over chemical, amine-based absorption processes. Hydrogen sulfide in the syngas is removed by a counter-current flow of solvent in the first absorption column. The syngas leaving the H 2 S absorber enters the second stage where CO 2 is captured in a similar way to the first stage. The overall CO 2 design capture rate is approximately 90%.
(5) The CO 2 captured from the process is compressed in an intercooled compressor, dried from water content, after-cooled, liquefied and finally pumped up to a final pressure of 110 bar. The final pressure is appropriate for permanent geological storage of captured CO 2 . The drying process is performed to reduce the corrosion risk in the transport pipeline. The dehydration unit based on tri-ethylene glycol (TEG) reduces the water content in the captured CO 2 line to less than 20 mg/kg.
(6) Gas turbine: the GT block includes a compressor, combustion chamber and expander and generates electric power using a generator. The lower calorific value of the fuel gas (i.e. undiluted hydrogen-rich syngas) compared to natural gas, the latter being typically the fuel for designing the engine, requires engine modifications to maintain compressor stability margins. To evaluate the impact of the fuel change on the selected gas turbine technology in IGCC application, various simulation setups with different boundary conditions such as turbine inlet temperature (TIT), turbine outlet temperature (TOT) etc. were considered in [12] . To keep modifications at a reasonable level that can be performed relatively easy on the engine, a re-staggered expander is considered to cope with changes in the fuel gas properties. Simulations for this study is performed based on the data for the re-staggered expander. A brief list of assumptions for thermodynamic modeling and simulation of major sub-systems of the selected IGCC system with CO 2 capture is presented in Table 3 . 
Simulation tools efficiency indicators
In order to obtain reliable results and to utilize the possibility of incorporating detailed component characteristics into relevant sub-system models, a combination of the following simulation tools are used for modeling the IGCC power plant with CO 2 capture:
Detailed modeling of the gasification block including various processes such as CMD, gasification, raw syngas cooling and scrubbing, is performed using the Enssim software tool [13] . As mentioned earlier in this article, selection of this software is justified by the fact that the gasification model was previously validated against real plant operational data and the validation results for the SCGP technology is available in [11] .
The ASU and SWGS sub-systems are modeled using Aspen Plus [14] and the Peng-Robinson equation-of-state was selected for the properties method. The AGR unit and CO 2 capture unit is also modeled in Aspen using perturbed-chain statistical associating fluid theory (PC-SAFT) equation-of-state. The compression of captured CO 2 and dehydration of CO 2 stream are modeled in Aspen Plus using Peng-Robinson equation-of-state, and Schwarzentruber and Renon (SR polar) equation-of-state, respectively.
The power block including the GT, and the triple-pressure steam cycle are modeled in IPSEpro, a commercial heat and mass balance software tool [15] .
As different software tools have been used for simulation of different sub-systems, proper matching between those tools enables simulation of the entire plant. Data exchange between software tools was performed manually to find the optimal match.
Performance indicators
In general, coal properties including ash content, ash composition and coal reactivity have significant effects on the gasification process and consequently on the entire IGCC power plant. Generally, a coal with low ash content (e.g. Coal C in this article) is favorable for the IGCC power plant as it produces smaller amounts of fly ash and bottom slag and thereby the risk of plugging and fouling of downstream heat transfer surfaces is reduced [16] . The coal with lower ash content is also favorable as the coal feed is lower for the same amount of produced syngas compared to a coal with higher ash content. Coal reactivity determines the gasification temperature and consequently influences the amount of oxidizing agent necessary for gasification. The higher coal reactivity is desired as it requires less oxygen production by ASU to reach desired gasification temperatures. The slag viscosity must be sufficiently low for a slagging gasifier to be able to be operated at the required gasification temperature. Usually the slag viscosity at a temperature 100 K below gasifier temperature should be equal or higher than the slag fluid point (that is at a slag viscosity of 25 Pa.s). In order to satisfy this criterion, mostly a fluxing medium is required. For the Indian coal, being characterized by a relatively high melting acidic ash, limestone is needed as a fluxing agent. This agent is admixed to the coal upstream the coal mill. To evaluate the effects of coal quality on the gasification process, the properties of produced syngas including its composition and heating value have been investigated.
In addition, to highlight the effects of coal quality variation on the performance of the IGCC power plant with CO 2 capture two main indicators are used in this article, namely the overall plant's efficiency (LHV%) and specific CO 2 emissions (kg of CO 2 emissions per each MWh of electricity production). Following equation 2 is used in this article for estimation of the overall efficiency of the IGCC plant based on the boundary that is depicted in Fig.2 Fig.2 . The boundary for efficiency calculation of the entire IGCC plant. Table 4 presents properties and composition of raw syngas produced from different Indian coals upstream of the SWGS reaction unit. Results of the simulation show that Coal A and Coal B are similar in terms of heating values of the produced syngas and the raw syngas derived from Coal C has the highest calorific value. The raw syngas temperature in Table 4 is the scrubber temperature. This temperature, which is lower for Coal C than those of the other two coals, is the dew point temperature corresponding to pressure and composition of syngas. Raw syngas produced from Coal C has higher CO and H 2 and lower CO 2 content compared to other two coals. This feature is more specifically advantageous if the plant needs to be operated without the CO 2 capture unit, as the amount of Coal C required to produce the GT fuel gas is significantly lower than necessary amounts of Coal A and Coal B. In case of the IGCC plant with CO 2 capture, i.e. the selected plant in this study, high CO content in the raw syngas requires more intermediate pressure (IP) steam for the water-gas shift reaction that is often withdrawn from the HRSG. This can reduce the advantage of Coal C compared to other two coals.
Results and discussion
Given the general information provided in terms of coal reactivity and ash content, Coal C seems to be a better feedstock compared to other Indian coals. Coal B can be an appropriate fuel as it produces significantly lower hydrogen sulfide (please note that this study does not include sulfur recovery unit). Nevertheless, a techno-economic study is required to identify clearly, which one of coals are more suitable for this power generation concept.
The composition and other properties of the fuel gas (hydrogen-rich syngas), corresponding to three different coals, prior to the gas turbine burner are presented in Table 5 . Hydrogen contents in all of the fuel gases are more than 80 mol%. Similar to composition and properties of the raw syngas, fuel gases from Coal A and Coal B have similar characteristics. Higher heating value of the Coal C results in a lower mass flow rate of the fuel gas necessary to keep the turbine inlet temperature of the GT at a certain level compared to other two coals. This, in consequence, causes a more stable GT compressor operation with greater margin to the surge condition compared to operation on fuel gas produced from Coal B and Coal C. Estimated performance parameters of simulations for different coals are shown in Table 6 . The IGCC plant with CO 2 capture using Coal C has the highest overall efficiency and Coal B has the lowest one by 3.5 percentage points lower efficiency than that of Coal C.
Because of using same GT technology with fix characteristics (including components efficiencies) in simulations, variation of coal quality does not affect the GT power output very much. Higher GT power output for Coal A and Coal B than for Coal C is mainly due to greater hot gas flow rates in case of using Coal A and Coal B. Using different coals with different quality, however, significantly affects the power produced by the steam turbine. The higher ST power output using Coal A and Coal B is mainly due to higher water content of the produced raw syngas (see Table 4 ) that reduces the IP steam extraction from the steam cycle to achieve the desired CO conversion within the SWGS unit. Moreover, lower quality coals have generally higher available moisture that results in higher steam production within the gasification block. The increase in the ST power output in case of using Coal A and Coal B, however, could not offset the increase in the auxiliary power demand. Higher ash contents in Coal A and Coal B compared to Coal C result in higher oxygen demand and thereby drastically increase ASU power demand to maintain the gasifier temperature when using Coal A and Coal B compared to Coal C. The auxiliary power increases by coal quality reduction (from Coal C to Coal A and Coal B) primarily due to the increasing oxygen demand but also because of increasing CO 2 content that should be captured and compressed. The specific CO 2 emissions of the plant using different coals are shown in Fig.3 . As shown in this figure, Coal B has the highest specific emissions with 91.5 kg of CO 2 emissions per MWh.
Conclusions
To explore innovative low carbon Indian energy systems under the Indo-Norwegian Cooperation Programme in Higher Education and Research (INCP-2014), a possible IGCC configuration with CO 2 capture for Indian coals is studied. Collaborating Norwegian group was a partner in similar studies in the context of the EU H2-IGCC project. However, quality of coals are different from previous studies with respect to calorific value, sulfur content and ash content. The effects of coal quality for three general coals that are typically used for power generation in India is studied on the overall performance of the IGCC power plant with CO 2 capture.
Simulation is performed to assess the performance of the IGCC plant with CO 2 capture using different software tools including Enssim, Aspen Plus and IPSEpro. Results show that the quality of the produced syngas from gasifier significantly depends on coal types. Raw syngas produced from Coal C has higher CO and H 2 (and consequently higher calorific value) and lower CO 2 content compared to other two coals. The IGCC plant with CO 2 capture using Coal C has the highest overall efficiency (33.7 LHV%). The efficiency of the plant using Coal B is the lowest one with 3.5% lower than that of Coal C. Specific CO 2 emission is also the lowest for Coal C with 81.3 kg CO 2 /MWh.
Given the results of simulations, Coal C seems to be a better feedstock compared to other Indian coals. Nevertheless, a techno-economic study is required to evaluate if IGCC technology can compete with its rival, i.e. pulverized coal technology and which one of Indian coals studied here is more suitable for IGCC power plants.
